Ethanol in amounts equivalent to a man drinking a pint of beer has a dramatic effect on the metabolism and distribution of nitrosamines in rats. It prevents the first pass clearance of dimethylnitrosamine and thus exposes the extrahepatic organs to oral doses of this carcinogen. By selectively inhibiting metabolism in liver and kidney, ethanol increases the amount of diethylnitrosamine activated in the esophagus between 1.8-and 4.6-fold. It is suggested that there may be a link between these observations and the increase in human esophageal cancer which is associated with alcohol consumption.
INTRODUCTION
The greatest barrier to progress in the treatment and prevention of cancer is our ignorance of the exact biochemical nature of the disease and of its cause. Recent progress in genetic analysis may eventually produce an understanding of cancer at a molecular level, but the causes of the disease remain shrouded in mystery. It is true that during the last few years many important influences on cancer incidence have been found, for example, diet and tobacco, but the active principals of these influences are still unknown (3). At the same time chemical carcinogens have been identified in the environment, in food, and in tobacco smoke, and it has been found that carcinogens are synthesized within our bodies. Yet no one has been able to provide an intellectually satisfactory connection between these carcinogens and the epidemiologically proven influences on cancer incidence. The establishment of this connection (if there is one) is the major prize in chemical carcinogenesis, for success would unlock the door to an intelligent approach to cancer prevention.
One of the influences of cancer incidence is alcohol consumption, which has been implicated as a "cause" of 3% of the cancer deaths. That is about 12,000 each year in the United States alone (3). The best established effect is an increase in cancer of the esophagus in which alcohol consumption and smoking are synergistic (17, 18) . This influence of alcohol, which seems to be caused by the ethanol itself, is remarkable because ethanol is not carcinogenic in laboratory animals (5, 13) . Thus, presumably ethanol must act either by altering the susceptibility of organs to carcinogenesis, or by altering the amount or disposition of the carcinogens. Thus, study of the alcohol effect might be a way to identify which are the important carcinogens in man.
NlTROSAMlNE LINK
The largest single group of chemical carcinogens is the nitrosamines. Man is exposed to carcinogenic nitrosamines in the diet (12) , in tobacco smoke ( S ) , and from synthesis in the human gut (9) . Since many nitrosamines are esophageal carcinogens in rodents, there has 358 SWANN TOXICOLOGIC PATHOLOGY been considerable speculation that they might play a role in human esophageal cancer. However, there is, as yet, no convincing evidence one way or the other. If it could be shown that the effect of alcohol on human esophageal cancer incidence was mediated through an influence on nitrosamines that would provide convincing evidence. It is important to remember that the specificity of certain nitrosamines as esophageal carcinogens is a reflection of the ability of esophageal tissue to metabolically activate the particular nitrosamine, and thus the relationship between structure and organ specificity may be different in different species. Unfortunately, we know very little about the ability of human tissue to metabolize nitrosamines, but the human esophagus seems to have greater ability to activate dimethylnitrosamine than methylbenzylnitrosamine (1). This is the reverse of the situation in the rat, in which species methylbenzylnitrosamine is an esophageal carcinogen and dimethylnitrosamine is not. Thus, cancer tests in the rat may not necessarily identify human esophageal carcinogens and one must keep an open mind about which nitrosamines are potential esophageal carcinogens in man. In particular, it would be unwise to dismiss the possibility that dimethylnitrosamine might be a human esophageal carcinogen just because it does not produce esophageal cancer in rats.
So far as we know the greater part of the nitrosamines to which man is exposed will be absorbed through the gut, and pass in the portal blood through the liver before entering the general circulation. Small oral doses of dimethylnitrosamine are completely removed from the portal blood as it passes through the liver (2, 10). This process, known to pharmacologists as "first pass clearance," is extremely important because it protects the extrahepatic organs from these carcinogens. We have found that ethanol, in a quantity equivalent to that taken when a man drinks a pint of beer, blocks first pass clearance of dimethylnitrosamine in the rat. Concurrent administration of ethanol also increased the alkylation of esophageal DNA by the esophageal carcinogen diethylnitrosamine between 1.8-and 4.6-fold. There is evidence that the effect on first pass clearance of dimethylnitrosamine must also occur in man and we have tentatively suggested that the effect of' ethanol on human cancer is mediated through an effect on the metabo-lism and distribution of nitrosamines (15). The experimental techniques and details of the results reported below will be reported elsewhere. These ideas and results touch upon many other people's work. Unfortunately, because of the limited space, it is not possible to do justice to them.
DlscussloN
The methylation by oral dimethylnitrosamine of kidney DNA relative to liver DNA depends upon the dose. When larger doses are given the ratio (0.1:1) reflects the intrinsic ability of each organ to metabolize the nitrosamine but when doses below 500 pg/kg are given the methylation of kidney DNA decreases dramatically, and when the dose is less than 30 pg/kg no methylation of kidney DNA can be detected with ["Cldimethylnitrosamine (2). The reason for this fall is that the nitrosamine is completely removed from the portal blood on first pass through the liver and none reaches the kidney. Ethanol in the concentration and quantity equivalent to a man drinking a pint of beer (i.e., 1 ml of 5% ethanol to a 150-g rat) completely prevents this first pass clearance and the relative methylation of the kidney DNA is the same for low as for high doses. The effect on the methylation of the kidney DNA is dramatic. With a dose of 30 pg of dimethylnitrosamine/ kg, the methylation of kidney DNA is about 5 times greater in the ethanol-treated rat than in the control. Below this dose the difference may be absolute, ix., methylation occurs only if ethanol is given (some caution is necessary here because some experiments suggest that at doses well below I pg/kg first pass clearance may not be complete). In these experiments the kidney is a paradigm of all internal organs, and presumably the exposure of all of them will be increased to a similar extent. The reason for this effect on first pass clearance was investigated by studying the influence of ethanol on the metabolism of dimethylnitrosamine by liver slices in vitro. These showed that the effect depends upon the inhibition of dimethylnitrosamine metabolism by ethanol. The inhibition was apparently competitive with a Ki of 0.5 mM ethanol, a concentration about 16 times less than that found in the blood after the alcohol from a pint of beer has been absorbed and fully distributed.
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One very interesting discovery was that the ethylation of the esophageal DNA, relative to dose and to the ethylation of other organs, was greater for a small dose than for a large dose. Measurements of diethylnitrosamine metabolism by liver slices, kidney slices, and the stripped epithelium of the esophagus showed that it is probably a reflection of the very low K,, of the enzyme system in the esophagus (8 PM diethylnitrosamine) relative to that in the major sites of diethylnitrosamine metabolism: the liver where the Kn, was 20 PM and the kidney where it was 17 PM.
The second discovery was that concurrent administration of ethanol increased the ethylation of the esophageal DNA 1.8-, 3.9-, 4.6-, and 4.6-fold in different experiments. This increase was seen even when the ethanol was given by mouth and the nitrosamine by intramuscular injection. The increase in ethylation is probably the result of a selective inhibition of metabolism. In the esophagus, the Ki is certainly greater than 1 mM, whereas the Ki in kidney is 0.05 mM. The Ki has not yet been determined in the liver slices, but in a very rough preliminary experiment the rate of ethylation of DNA by 10 PM diethylnitrosamine was decreased by 73% by 1 mM ethanol, implying a 73% inhibition of metabolism with this ratio of inhibitor to substrate concentration. This inhibition of metabolism in liver and kidney (the major sites of diethylnitrosamine metabolism) would be expected to increase the tln of diethylnitrosamine considerably and thus increase the exposure of the esophagus to this carcinogen. Since metabolism in the esophagus is only very weakly inhibited, it seems likely that the increase in alkylation of esophageal DNA is a consequence of this increased exposure. This view must be tentative until the halflife of diethylnitrosamine has been measured.
These effects of ethanol may extend to some extent to many nitrosamines, the metabolism in vitro of some cyclic nitrosamines is inhibited by ethanol (a), and very recently Kouros et a1 reported that ethanol increases the methylation Of esophageal DNA in rats by methylbenzylnitrosamine (7) .
These experiments on metabolism explained Lvhy ethanol has been found to increase the carcinogenicity and change the organ specificity of dimethylnitrosamine and diethylnitrosamine. Griciute et a1 found,,in mice that the oral administration of dimethylnitrosamine in aqueous solution produced only liver tumor, but given in 40% ethanol produced a high (36%) incidence of tumors in the nasal cavity as well as liver tumors (5). Gibe1 found that oral administration of diethylnitrosamine in 30% ethanol, rather than water, increased the incidence of esophageal tumors 3-fold (4).
CONCLUSION
Although there is no direct evidence, it seems probable that ethanol may have similar effects in man on the disposition of the nitrosamines to which he is exposed, for in both man (14) and the rat (16) small oral doses of dimethylnitrosamine are excreted in the urine only if given with ethanol. It is clear that in the rat the effect of ethanol on excretion is the direct consequence of the inhibition of first pass clearance of this nitrosamine, and it seems reasonable to suppose that the excretion in man has a similar basis. Thus in man, as in the rat, ethanol would be expected to increase the carcinogenicity and alter the organ specificity of this nitrosamine. It would be rash at present to predict that ethanol would also selectively inhibit the metabolism of nitrosamines in man and thus increase their reaction with the esophagus in a similar way to its effect on diethylnitrosamine in the rat, but the complementarity between the effect of ethanol on the alkylation of the DNA of various tissues of the rat by diethylnitrosamine and its effect on the metabolism of diethylnitrosamine by rat tissues in vitro suggests that similar in vitro experiments with human tissues would allow us to predict the likely effect of ethanol on the metabolism and disposition of any nitrosamine in man.
Experiments in the rat have shown that the incidence of esophageal tumors produced by low doses of diethylnitrosamine is proportional to [daily doseI3 (11) , so the substantial increase produced by ethanol in the alkylation (i.e., the effective dose) of the esophageal DNA would be expected to produce a very marked increase in esophageal cancer incidence. Thus, the rat experiments show that
